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ABSTRACT 

The development of transition metal based anticancer drugs is currently a very active field in Medicinal Inorganic 
Chemistry. The most remarkable success in this field is the effective use of platinum(II) based complexes against cancer. 
Several scientists make efforts to discover new inorganic agents for use in chemotherapy with improved specificity and 
decreased toxic side effects than the most common anticancer drug cisplatin. Nowadays, gold(I) compounds are 
potentially attractive as anticancer agents due to the unique chemical properties of the gold(I) center. Recently, a 
number of gold(I) compounds reveal outstanding antiproliferative properties without undesirable side effects and are 
also able to overcome cisplatin resistance. Polynuclear anticancer gold(I) compounds are a comparatively new and 
successful approach in respect. Extensive effort has been put to elucidate their mechanisms of action and to optimize 
their bioactivity through structural modification. In this review, the development of some novel polynuclear gold(I) 
anticancer drugs are discussed on the basis of the available experimental evidences. 
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INTRODUCTION 

After cardiovascular diseases, cancer is considered as the second most fatal disease [1] that originates 
from the mutation of genes. The spread of cancer occurs through a sequence of alterations in cellular 
activity with continual or uncontrolled inflammation in the tumor micro location [2]. A new period of 
metal-based drugs initiated by the discovery of one of the leading platinum-based drugs ‘Cisplatin’ which 
is still successfully used in chemotherapy by inhibiting cancer cell activities through DNA-platinum 
adducts formation [3]. Inspite of having powerful anticancer activity, cisplatin causes some undesirable 
side effects like cardiotoxicity, nephrotoxicity and neurotoxicity due to its non-selective DNA-targeted 
mechanism [4]. Moreover, it is effective against only a few kinds of cancers. Therefore, research in this 
field has been extended to include new non-platinum based antitumor drugs with an improved spectrum 
of efficiency and lower toxicity. Complexes of coinage metals (copper, silver and gold) are prospective 
candidates to fulfill this requirement. In this regard, gold(I) compounds acquire special attention because 
of their long and traditional uses in medicine [5] as antiarthritic agent. Extensive research on gold(I)- 
based antitumor agents was initiated when commercially used anti-arthritic gold(I) drugs showed potent 
cell growth inhibiting effects in vitro and some experimental in vivo models [6-9]. Moreover, a large 
number of anticancer gold(I) complexes have better activity than cisplatin and they effectively overcome 
the cisplatin resistance [10] tumor cell probably through different mechanisms from cisplatin. 
Consequently, they may be selected as effective antiproliferative agents after the discovery of cisplatin. 
Gold(I) compounds are quite active in vitro, but not so effective in vivo due to their extensive binding to 
serum proteins [7] In addition, some of the gold(I) create distinct systemic toxicity in animal models. In 
order to minimize the systemic toxicity and to enhance the anti-cancer activities, a number of stable 
coordination compounds of gold(I) are prepared using suitable organic ligands with different 
substituents. Some of these complexes with modified ligands show promising anti-cancer activities 
targeting to mitochondria as well as reduce relevant systemic toxicity by affecting just the cell cycle of 
tested cells [11]. 

Generally, polynuclear anticancer gold compounds are obtained by the “fusion” of two or more 
mononuclear units. Here, the activity of each gold center is controlled by the molecular framework as well 
as its interactions with the nearby gold center(s). Notably, addition of two or more metal centers in an 
extended molecular frame work may considerably influence its specific biological activity compare to its 
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mononuclear analogues [1,12-14]. Generally, the polynuclear compounds are shown to be effective 
inhibitors of cancer cells proliferation with a considerable improvement than that of their mononuclear 
parent complexes [15,16]. 

This review highlights the current developments in the design of polynuclear gold(I) complexes that may 
be used clinically as effective anticancer drugs after more investigation. The aim of this review is to show 
the emerging importance of structure-activity relationship methods in the study of anticancer metal 
complexes. The correlations of the nature of the ligand and nuclearity of the resulting complexes with 
their anticancer activities are briefly discussed here. 


CHEMISTRY OF GOLD(I) COMPOUNDS 

The chemistry of gold(I) compounds includes the following distinct characteristics: 

(a) Compounds containing gold(I) with 5d!° closed-shell configuration can adopt three types of 
coordination environments: (i) two-coordinated linear (the most important), (ii) three-coordinated 
trigonal planar and (iii)four-coordinated tetrahedral environments. 

(b) As gold(I) ion is a soft cation, it prefers to bind with a soft ligand. It can form stable AuXz ions with 
soft anionic (X-) ligands like cyanide, thiolate, iodide etc. Simultaneously, it can also easily form a variety 
of cationic complexes of the type AuL2* and AuL,4* with neutral (L) ligands, e.g. phosphines, arsines etc. 
SOME NOVEL POLYNUCLEAR GOLD(I)-BASED ANTICANCER AGENTS: 

The potential anticancer activities of polynuclear compounds are discussed briefly in this review into 
three major groups along with different sub groups. 

A. Dinuclear organometallic compounds of gold(I): 

(i) With only C-donor ligands: 

The main compounds 1-8 of this sub group are shown in Scheme 1. 

A series of dinuclear gold(I) complexes 1-7 containing bidentate N-heterocyclic carbene ligands exhibited 
potential new antimitochondrial antitumour activity [17,18]. These complexes were tested for their 
capacity to induce mitochondrial membrane permeability (MMP) in isolated rat liver mitochondria. 
Compounds 2-7 induced Ca2+-sensitive MMP at micro molar concentrations as evidenced by 
mitochondrial swelling but they were either inactive or their activity was considerably decreased in 
absence of exogenous Ca?* in low concentrations. In addition, their activity was completely lost by the 
addition of the well-established inhibitor cyclosporine A. There were only slight differences in the 
activities of compounds 2-7 in the swelling assays. Here, compound 2 was the most active species in the 
mitochondrial swelling assays. On the other hand, compound 1 was structurally dissimilar to the other six 
complexes. Although compound 1 caused greater level of mitochondrial swelling compare to that which 
occurred in the control, it was least active than the other six compounds. 

Using fluorescence confocal microscopy, the cellular uptake and distribution of dinuclear gold(I) complex 
8 [18,19] containing bidentate NHC ligands was tested in RAW264.7 cells (mouse macrophage cancer cell 
line) [20]. Moreover, colocalization studies indicated the localization of gold complexes in lysosomes 
rather than mitochondria [19]. Remarkably, this compound showed only modest cytotoxicity in the above 
cell line. From preliminary studies, it was observed that this compound also revealed significant potency 
against human promyelocytic leukaemia cell line, HL [21,22]. 

(ii) With P/S/Cl-donor ligands: 

Some important compounds (9-13) of this sub group are given in Scheme 2. 

Complexes 9a and 9b [6,23] inhibited TrxR effectively with ICso values in the low micromolar range. They 
were also used as starting materials for further preparation of dinuclear gold(I) alkynyl anticancer agents. 
Complexes 9a and 9b inhibited both Glutathione reductase (GR) and TrxR. Complex 9a with shorter 
bridging ligands was more active than complex 9b. It indicates that the carbon-carbon chain length of 
ligands has an important role in the anticancer activity of the corresponding complexes. Due to being 
highly active, complex 9a was preferred for more detailed studies on its uptake into HT-29 cells. 

Using the MTT assay, the cytotoxicity of 1,4-bis-(hydroxyl)-anthraquinone derivative and its 
corresponding complex 10 [6,24] was evaluated with breast adenocarcinoma (MCF7), lung 
adenocarcinoma (A549), prostate adenocarcinoma (PC3) and colon adenocarcinoma (LOVO) cell lines. 
The cytotoxicity study showed that this complex revealed a broad range of activity with low ICs value. 
This complex was considerably more toxic compare to the corresponding free ligand. So, the cytotoxicity 
of the complex was dominated by the gold alkynyl unit, rather than the biologically active anthraquinone 
unit. Moreover, this complex was remarkably more cytotoxic to MCF7s cell line (a cell line having a higher 
mitochondrial mass) than the other tested cell lines. This complex also showed useful room-temperature 
anthraquinone-based visible luminescence. Hence, it could be successfully used as fluorophores in cell 
imaging microscopy. 
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Generally, dinuclear NHC complex 11 [18,25] was interacted with DNA via non covalent interaction and 
created conformational changes in the structure of DNA. To differentiate between cytostatic effect and 
cytotoxic effect of this compound, sulphorhodamine-B (SRB) assay was used. Although this complex 
revealed significant cytostatic activity against MCF-7 (breast carcinoma), PC-3(prostate carcinoma) and 
HT29 (colon carcinoma) cell lines, it exerted a low cytotoxic effect on all cancer cell lines with a LCso value 
in the low micromolar range. 

In vivo tumor growth inhibition experiments of three dinuclear complexes 12a-12c with mixed bridging 
diphosphine and bis(N-heterocyclic carbene) ligands [18] showed that complex 12a inhibited TrxR 
activity with no attack by blood thiols. It exhibited cytotoxicity against breast carcinoma (MCF-7), 
nasopharyngeal carcinoma (SUNE-1), lung adenocarcinoma (NCI-H1975) and mouse melanoma (B16- 
F10) with higher ICs values compare to cisplatin. Besides, under in vivo conditions, this complex 
inhibited tumor growth in mice bearing HeLa xenografts and also in highly aggressive mouse B16-F10 
melanoma without notable side effects. The other two complexes 12b and 12c moderately inhibited 
tumor growth of mice bearing HeLa xenograft. After administration of 12b and 12c (at dosage of 5 mg/kg 
every day) considerable difference was observed with final tumor growth inhibition. Here, the counter 
anions exerted an important role in the in vivo antitumor activities [26]. 

The in vitro anticancer activities of the gold(I) pyrrolidinedithiocarbamato carbene complexes 13a and 
13b were tested against human ovarian carcinoma (A2780 and its cisplatin-resistant variant A2780cis), 
human hepatocellular carcinoma (HepG2), human glioblastoma (U-87 MG) and a normal human Madin- 
Darby canine kidney epithelial cells (MDCK) cell line by 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay [27]. These complexes exhibited effective anticancer activities 
against the above tested cancer cell lines. Particularly against A2780 and A2780cis ovarian cell lines, they 
showed similar anticancer activities with quite lower resistant ratios than that of cisplatin. They revealed 
higher cytotoxic activities than pyrrolidinedithiocarbamate (PDTC). Between the cancerous and the 
normal MDCK cell lines, these two complexes generally exerted a lower cytotoxicity towards the normal 
cells. Between two complexes, complex 13a exerted more than 40-fold higher anticancer activity 
compare to cisplatin towards A2780cis. The fluorescent microscopic experiment showed that compound 
13a could induce apoptosis towards A2780cis cancer cells. Moreover, compound 13a could potentially be 
used as an antimigratory agent of cancer cells due to its ability to inhibit migration of A2780cis cells 
effectively [28]. 

B. Dinuclear metallo-organic compounds of gold(I): 

(i) With P-donor ligands: 

The major compounds 14-20 of this sub group are outlined in Scheme 3. 

Homo-dimetallic complexes 14 [1,29] with bisphosphine backbones revealed strong in vivo and in vitro 
anticancer activity against P388 leukemia in mice with better life span increase (98%, especially for 
Au!Cl) complex in compare to Au"! species (50%). They were also active against murine tumor models and 
B16 melanoma cell lines. Particularly dinuclear  gold(I)complexes containing the 
bis(diphenylphosphine)ethane (DPPE) ligand were significantly effective while the related metal 
complexes of Pt(II), Ni(II), Pd(l), Rh(II) and Ag(I) were inactive [15,16 ]. The dinuclear Au-DPPE 
complexes were found to be more active in vitro antitumor agents than free DPPE. On the other hand, 
minor structural alteration from the dppe ligand reduced the anticancer activity of complex 15 due to its 
insufficient solubility to conduct biological assays [1,30]. 

The dinuclear gold(I) complexes 16 and 17 bearing chiral and achiral bisphosphine ligands [11] 
respectively, exhibited effective cytotoxic effects in different cancer cell lines over normal cells by 
triggering apoptosis through reactive oxygen species (ROS) induction. They effectively killed the cancer 
cells (K562, H460, and OVCAR8 cell lines) which were 2-10 folds better compare to cisplatin with ICso in 
the high nanomolar to low micromolar range without displaying cross-resistance. These compounds were 
highly stable due to the cyclometallation with their coordinated ligands. Consequently, they could reach 
their target avoiding any premature deactivation. Thus, they were able to reduce off-target effects. 
Spectrophotometric investigations, performed in a reaction with bovine serum albumin (BSA) under 
physiological conditions, indicated that these complexes could bind methionine and cysteine residues in 
BSA via the sulfur atoms. Though these complexes had high potency in clinically relevant tumor cells, they 
were slightly less potent toward the retinal pigment epithelial (RPE-Neo) cell lines. Hence, they exhibited 
selective toxicity for cancerous cells over healthy cells. The whole cell (OVCAR8) uptake studies and sub 
cellular distribution of Au(I) content for these compounds showed that the neutral complex 16 displayed 
the highest uptake. Here, the greater cellular uptake of compound 16 should be correlated with its high 
cytotoxicity, but significant correlations of uptake and cytotoxicity of this reported compound was not 
established. Again, the uptake for these dinuclear complexes was relatively higher than their 
mononuclear analogues because dinuclear gold increased lipophilicity of the agents. Both the complexes 
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induced significant apoptosis and showed enhanced in vitro potency over cisplatin. From apoptosis assay 
it was revealed that compound 16 induced a much higher early to late-stage apoptosis resulting 
mitochondria dysfunction and ER stress. Especially, complex 16 largely depolarized the mitochondria 
membrane and provoked major G0/G1 cell cycle arrest. When the OVCAR8 cells incubated for 48 h with 
this compound, caspase 3 and 9 levels were increased [31,32]. In spite of differential intracellular 
accumulation of complexes 16 and 17, their cytotoxicity not varied significantly. 

The hepatotoxicity along with anti-tumor activity of gold(I) phosphine complexes 18 and 19 containing 
ligands of type R2PCH2CH2PRz2 (R = 3-pyridyl (18) and 2-pyridyl (19) [33] were tested against isolated 
rat hepatocytes [34]. The observed results displayed that both complexes, especially compound 19, were 
active against the tested cancer cell lines. Moreover, compound 19 was highlighted as a potent active 
agent in inhibiting the in vivo tumor growth of colon 38 tumors [35]. These complexes exerted high hepa- 
totoxicity and their toxicity were closely related to their lipophilicity [34]. 

Another type of dinuclear Au! complex with a bis(phosphite) group 20 [1] exhibited marginal in vitro 
anticancer activity to the human cervix carcinoma HeLa cell line by inhibiting the proliferation of HeLa 
cells. Both this compound and the free ligand induced apoptosis in p53 nonfunctional HeLa cell line 
through p53 independent manner [36]. 

(ii) With S-donor ligands: 

A novel compound 21of this sub group is highlighted Scheme 4. 

The dinuclear gold(I) complex 21 [33] containing dithiocarbamate derivatives exhibited potent anti- 
tumor activity against cisplatin-resistant cell lines. The synthesis of both DNA and RNA was inhibited by 
this compound. It revealed higher hemolytic properties over cisplatin [37]. Though its antiproliferative 
activity remains comparable or higher than that of cisplatin, it inhibited the tumor cell growth with a 
lesser extent compare to its gold-(III) analogues. 

(ii) With N and P-donor ligands: 

Two novel compounds 22 and 23 of this sub group are shown in Scheme 5. 

The biological properties of compound 22 are promising both in terms of considerable stability under 
physiological-like conditions and of anticancer activities. It revealed notable in vitro antiproliferative 
effects when evaluated against the cisplatin sensitive and resistant ovarian cancer cell lines [10]. It was 
observed to overcome cisplatin resistance to a great extent. Though the pbiH ligand revealed some minor 
antiproliferative effects, the notable cytotoxicity and high antiproliferative properties observed for this 
compound were mainly due to the remarkable biological actions of the pbiAuPPh3 moiety. 

The cytotoxic effect of dinuclear complex 23 with imidazole-based phosphane ligand was tested against 
nine human cancer cell lines (two leukemia cell lines and seven ovarian cancer cell lines with different 
sensitivity to cisplatin). The isopropyl groups in this compound improved its lipophilicity. It also 
exhibited only 2-fold differences in potency against all tested cell lines. [1,38]. In vitro anticancer activity 
of this compound against various tested human cancer cell lines showed ICso values in the micro molar 
range. It showed slightly lower activity to the cisplatin-resistant variant of the A2780 cell line. 

(iii) With S and P-donor ligands: 

Two novel compounds 24 and 25 of this sub group are outlined in Scheme 6. 

The dinuclear gold(I) complex 24 with bridging dithiolate ligand [1,39] showed significant in vivo 
anticancer activity on Ehrlich Ascites tumor bearing mice with increased survival rate. However a 
number of mice died prematurely because of the toxicity of the complex. Hence, high drug induced 
toxicity limited further development of this series of complexes. 

A series of compounds of type [(AuPPhs3)2(xspa)] (25a-25j), where xspa is a 3(aryl)-2-sulfanylpropanoato 
fragment, [1,40] revealed potent in vitro antitumor activities to the HeLa-229, A2780 and A2780cis cell 
lines. Majority of these compounds were particularly highly effective against the A2780cis cell line with 
better ICso values than that of cisplatin. The deprotonation of the COOH group and the inclusion of a 
second AuPPh3 fragment in the mononuclear [Au(PPh3)(Hxspa)] moiety not only enhanced the 
effectiveness of the said compounds in particular against the HeLa and A2780cis cell lines but also 
significantly increased their ability to get out of the cellular resistance to cisplatin [41]. Here, structural 
modifications improved the effectiveness of this class of dinuclear complexes. 

C. Polynuclear metallo-organic compounds of gold(I) with S-donor ligands: 

The compounds 26-28 of this group are highlighted in Scheme 7. 

Polynuclear gold(I) thiolates compounds 26-28, [6,7] previously used in the treatment of rheumatoid 
arthritis, are proved to possess anticancer properties. They are the traditional examples of “drug 
repositioning” [42,43] where a drug used for the treatment of a specific disease (rheumatoid arthritis) is 
investigated for other (cancer) therapies. Both the charged species 26 and the neutral species 28 
inhibited primary tumor growth in mice bearing Lewis carcinoma and also reduced lung metastases [8]. 
Another polymeric charged compound aurothiopropanol sulphonate (allocrysin) (27) was also found to 


BEPLS Vol 10 [12] November 2021 238|Page ©2021 AELS, INDIA 


Smita Satapathi 


exhibit anticancer activities [9]. Moreover, among the above three compounds, compound 26 inhibited 
the growth of HCT-15, AGS and Meth/A cells in vitro [44]. Although compound 26 was less effective than 
cisplatin, it showed a wider range of dose effectiveness without significant toxicity. It could induce 
apoptosis of aggressive prostate cancer cells by activation of extracellular signal-regulated kinases in a 
dose-dependent manner [45]. In future, it may act as a promising drug for the treatment of advanced 
prostate cancer without affecting the normal epithelial prostate cells. 
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Scheme 1. Dinuclear organometallic compounds of gold(I) with only C-donor ligands: 
[Au!,(NHC)2]2* (NHC = N-heterocyclic carbene ligands) (1-8). 
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Scheme 2. Dinuclear organometallic compounds of gold(I) with P/S/Cl-donor ligands: 
[(dppm){Au-C=C-(4-pyr)}2] {dppm =bis(diphenylphosphino)methane} (9a), [(dppb){Au-C=C-(4- 
pyr)}2] {dppb =1,4-bis(diphenylphosphino)butane} (9b); [(dpoa)(Au-PPhs3)2] {dpoa = di-anion of 1,4- 
bis(prop-2-yn-1-yloxy)anthraquinone} (10); [AuzCln(NHC)] {NHC = bis(N-heterocyclic carbene 
diphosphine} (11); [Auz(bdp)(NHC)]2X {bdp = bridging diphosphine}, [X= PF. (12a), Cl (12b) and OT; 
(12c)]; [Auz(pdc)(NHC-R)]Br (Hpdc = pyrrolidinedithiocarbamate) [R = nBu (13a) and Me (13b)]. 
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Scheme 3. Dinuclear gold(I) compounds with P-donor ligands: [(AuY)2(PPh2-X-PPhz2)] {X = (CH2)n, 
C6H4, C2H2, etc. and Y = Cl, Br, SCN, SCF3, etc.} (14); [(AuCl)2(dpmaa)].2thf {dpmaa = 2,3- 
bis(diphenylphosphino)2,3-bis(diphenylphosphino)maleic acid (15); [Au2(btbmpq)(Cl)2] 
{btbmpq=(R,R)-(-)-2,3-bis(t-butylmethylphosphino)quinoxaline}(16); [Auz(dppe)(Cl)2](C104)2] {dppe 
=1,2-Bis(diphenylphosphino)ethane}(17); [Auz(R2PCH2CH2PRz2)2)(Cl)2] (R = 3-pyridyl (18) and 2- 
pyridyl (19); [ClAu(PAP)AuCl] [(PAP) = large-bite bis(phosphite) ligand: {(-OCioH6(u-S) C1oHeO-) Pfu-(- 
OC10H6(u-S)C10H60-)}-P(-OC10H6(u-S)C10H60-)}] (20) 
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Scheme 4. Dinuclear gold(I) compounds with S-donor ligands: [(ESDT)Au]z (ESDT = 
ethylsarcosinedithiocarbamate) (21). 
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Scheme 5. Dinuclear gold(I) compounds with N and P-donor ligands: [(PPh3)2Au2(p-pbi)][PFo] 
{pbiH = 2-(2'-pyridyl)benzimidazole} (22); [{(4-TIP")Au},]Clz {4-TIP'?' = tris(2-isopropylimidazol- 
4(5)yl)phosphane}(23). 
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Scheme 6. Dinuclear gold(I) compounds with S and P-donor ligands: [(Ph3PAu)2(u-DTE)] (H2DTE = 
dithioerylthritol) (24); [(AuPPh3)2(xspa)] (25a-25j) [xspa = 3(aryl)-2-sulfanylpropanoato; x: p = 3- 
phenyl- (a), f = 3-(2-furyl)- (b), t = 3-(2-thienyl)- (c), -o-py = 3-(2-pyridyl)- (d), Clp = 3-(2-chlorophenyl)- 
(e), -o-mp = 3-(2-methoxypheny))- (f), -p-mp = 3-(4-methoxyphenyl)- (g),-o-hp = 3-(2-hydroxyphenyl)- 
(hb), -p-hp = 3-(4-hydroxypheny))- (i), -diBr-o-hp = 3-(3,5-dibromo-2-hydroxyphenyl)- (j)] 
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Scheme 7. Polynuclear gold(I) compounds of with S-donor ligands: Sodium aurothiomalate , 
aurothiomalate (myocrisin) (26); Aurothiopropanol sulphonate (allocrysin) (27) and aurothioglucose 
(solganol) (28). 


CONCLUSION 

Although cisplatin is successfully used as anticancer agent in chemotherapy, it has undesirable side 
effects and is not effective against all types of cancers. Therefore, new active anticancer drugs with a 
better usefulness and lower toxicity against cisplatin-resistant cell lines are required. The design of an 
effective anticancer agent depends not only on the drug’s inherent inhibitory properties but also on its 
delivery, dosage, and in vivo residence time. Under physiological condition, the stable polynuclear gold(I) 
complexes overcome some of these challenges by forming strong covalent attachments to targets. Hence, 
polynuclear gold(I) compounds may be considered as possible alternatives to Pt-based anticancer drugs. 
They show similar cytotoxicity against the cisplatin-sensitive and -resistant cell lines with no cross 
resistance since they induce cytotoxicity through different mechanisms than cisplatin. Unlike cisplatin, 
these compounds have better selectivity and effectiveness to cancer cells than normal cells due to their 
weaker DNA-binding activity. However, in spite of having pronounced anticancer activity, gold(I) 
compounds also exhibit some toxic side effects. The selection of suitable non-toxic ligands for the design 
of anticancer gold(I) complexes is an important matter to enhance the effectiveness of these drugs and to 
minimize their unwanted side-effects. In this regard, more research works along with experimental trials 
are essential. Furthermore, the polynuclear gold(I) compounds considerably increase their specific 
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activity to cancer cell lines than that of their mononuclear analogues. So, there is an amazing opportunity 
of polynuclear gold(I) based compounds for future upgrading as anticancer drugs. 
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